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D espite significant advances in surgical management, the visual acuity of patients with rhegmatogenous retinal detachment (RD) is not always restored, even after a successful operation. 1 It has been postulated that photoreceptor cell apoptosis is the main reason for such vision loss. 2, 3 Thus, a number of studies have sought to elucidate the pathomechanism of photoreceptor cell degeneration and thereby identify possible neuroprotective measures against photoreceptor cell death. [4] [5] [6] [7] [8] RD triggers extensive morphologic changes in retinal tissue, which is followed by tissue remodeling. Matrix metalloproteinases (MMPs)-zinc-dependent enzymes that degrade extracellular matrix proteins-play a critical role in tissue remodeling, and studies have demonstrated elevated MMP-2 and MMP-9 activity in subretinal fluid (SRF, the accumulated fluid beneath the retina in cases of RD) obtained from patients with RD. 9, 10 Although the sources and activation mechanism of MMPs in SRF are yet to be determined, MMPs are generally secreted as inactive proenzymes that are activated by zinc via a cysteine-switch mechanism. 11 Because MMP activation can cause cell death in a variety of contexts, it has been proposed that such increases in MMP activity in RD contribute to RD-induced photoreceptor cell death.
Zinc, the most abundant trace element in the eye, plays important roles in a wide range of physiological and pathologic processes. 12 Dysregulation of zinc homeostasis has been implicated in the pathophysiology of many acute neural injuries and chronic neurodegenerative diseases. Because changes in free zinc levels may modulate the activity of MMPs, 13 it is conceivable that zinc might participate in the increase in MMP activity, and thereby contribute to the photoreceptor cell death that occurs in RD. In addition, zinc dyshomeostasis in photoreceptor cells per se may trigger cell death cascades. 14 Despite the potential importance of zinc-dependent injury cascades in the pathophysiology of RD, few studies have been conducted to address this possibility. Hence, in the present study, we sought to investigate the involvement of zinc dyshomeostasis in photoreceptor cell death in an experimental model of RD in mice.
METHODS Experimental Animals
All animal experiments adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and the protocols were approved by the Internal Review Board for Animal Experiments of the Asan Life Science Institute, University of Ulsan College of Medicine (Seoul, Korea). Male, 8-week-old, C57BL/6N mice weighing 22 to 25 g were purchased from Orient Bio, Inc. (Seoul, Korea). Animals were fed standard laboratory chow and were allowed free access to water in an air-conditioned room maintained at 248C 6 0.58C under a 12-hour light/dark cycle.
Chemicals
Calcium disodium EDTA (CaEDTA) and Minocycline were purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). GM6001 was purchased from TOCRIS Bioscience (Bristol, UK).
Retinal Detachment Induction
RD was created in the right eye of each animal as previously described 15, 16 ; the left eye served as control. Mice were anesthetized by inhalation of 1.5% isoflurane in a 1:3 mixture of O 2 and N 2 O, administered at a flow rate of 2.0 l/min via a facemask connected to a coaxial circuit. Pupils were dilated with topical phenylephrine (5%) and tropicamide (0.5%) (Mydrin-P; Santen, Osaka, Japan); one drop of 0.5% proparacaine hydrochloride ophthalmic solution (Alcaine; Alcon Laboratories, Fort Worth, TX, USA) was applied to the eye as a topical anesthetic. The temporal conjunctiva at the posterior limbus was incised and detached from the sclera. A 30-gauge needle with the bevel pointed up was used to create a sclerotomy 1 mm posterior to the limbus. A scleral tunnel was created, followed by scleral penetration into the choroid, which makes a self-sealing scleral wound. A corneal puncture was made with a 30-gauge needle to lower intraocular pressure. A 33-gauge needle connected to a 10-lL Hamilton syringe was inserted into the subretinal space with the bevel pointed down. Then, 3 lL of 1:1 mixture of balanced salt solution (BSS) and 1% sodium hyaluronate (Healon; Advanced Medical Optics, Santa Ana, CA, USA) was injected gently, detaching the neurosensory retina from the underlying retinal pigment epithelium (RPE). We used a mixture of BSS and Healon instead of BSS only to prevent the retina from being reattached too quickly. Also, using a mixture of BSS and Healon instead of Healon only allowed us to precisely control the drug concentration in the subretinal space. To make the desired concentration of drug, we made 2-fold concentration of drugs dissolved in BSS, and mixed them with the same amount of Healon. Extracellular zinc concentrations in the subretinal space were modulated by using CaEDTA diluted in 1:1 mixture of BSS and Healon during generation of the RD model. To reduce MMP activation in RD, we administered GM6001 or minocycline (1 mM), mixed in the fluid injected into the subretinal space at the time of RD formation, followed by daily intraperitoneal injection. Formation of a reproducible bullous RD was confirmed by photographing the fundus using the Micron III retinal imaging system (Phoenix Research Laboratories, Inc., Pleasanton, CA, USA). Any animals that experienced surgical complications were excluded from the study.
Hematoxylin and Eosin Staining
Whole eye sections (10-lm thick) were prepared by using a cryostat and mounted onto glass slides coated with poly-Llysine. After fixation with 4% paraformaldehyde (PFA), eye sections were stained with hematoxylin and eosin (H&E), mounted on glass slides, and examined for morphologic differences.
TUNEL Assay
In preparation for staining, eyes were enucleated, embedded in OCT compound (Tissue-Tek; Sakura Finetec, Torrance, CA, USA), cut into 10-lm-thick sections on a cryostat at À208C, and mounted on prechilled glass slides coated with poly-L-lysine. The degree of apoptosis in eye sections was determined by performing terminal deoxynucleotidyl transferase-mediated fluorescein-16-dUTP nick-end labeling (TUNEL) assays, as described by the manufacturer (Roche, Basel, Switzerland). Briefly, frozen sections were fixed with 4% PFA for 30 minutes at room temperature. After permeabilization with 0.1% Triton X-100 in distilled water containing 0.1% sodium citrate, sections were stained by incubating in a nucleotide mixture containing fluorescein-12-dUTP and TdT (terminal transferase) at 378C for 60 minutes. Nuclei were counterstained with DAPI (4 0 ,6-diamidino-2-phenylindole). 
MMP Zymography

Staining of Hypoxic Cells in Retinal Flat Mounts
One or 3 days after RD induction, mice were anesthetized by isoflurane (1.5%) inhalation, and hypoxic cells were stained by using a Hypoxyprobe-1 Plus Kit (Hypoxyprobe, Inc., Burlington, MA, USA). RD mice were injected retro-orbitally with Hypoxyprobe-1 (pimonidazole HCl, 60 mg/kg body weight). Forty-five minutes after Hypoxyprobe-1 administration, eyes were harvested and fixed by incubating in 4% PFA for 30 minutes at room temperature. After fixing, retinas were washed in phosphate-buffered saline (PBS), permeabilized by incubating in a solution consisting of PBS containing 0.2% Triton X-100, and then blocked with 5% goat serum in PBS. After incubation with fluorescein isothiocyanate (FITC)-conjugated MAb1 primary antibody (1:500) at 48C for 24 hours, tissues were further incubated with horseradish peroxidase-conjugated rabbit anti-FITC secondary antibody (1:250). Tissues were examined by confocal microscopy (Carl-Zeiss, Oberkochen, Germany) and photographed.
TFL-Zinc Staining
Free or labile zinc in retinal tissues was detected by staining unfixed eyeball sections with the zinc-specific fluorescent dye N-(6-methoxy-8-quinolyl)-p-carboxybenzoyl-sulphonamide (TFL-Zn; Calbiochem, La Jolla, CA, USA), dissolved in Tris buffer (0.1 mM, pH 8.0). 17 After washing with PBS, TFL-Znstained sections were examined under a fluorescence microscope.
Measurement of Zinc Concentration in Retinal Tissues
Retinas of eyes from the RD experimental group and control eyes without RD were dissected from the eyeball. Zinc level in total retinal lysates was evaluated by using a Zinc Assay Kit (Metallo assay kit for Zinc LS; Metallogenics, Iwate, Japan) according to the provided protocol.
Primary Retinal Cell Culture
Primary retinal cell cultures, which included neurons, astrocytes, and photoreceptor cells, were prepared from the retinas of postnatal day 3 Sprague-Dawley rats, as described previously. 14, 18 Briefly, retinas were isolated, placed in Ca 2þ -and Mg 2þ -free Hanks' balanced salt solution, and mechanically dissociated into single-cell suspensions by triturating with a pipette. Dissociated cells were suspended in Eagle's minimum essential medium (Invitrogen-Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; HyClone Laboratories, Logan, UT, USA), 10% horse serum (Invitrogen), 2 mM Lglutamine, and penicillin-streptomycin (100 IU/mL-100 lg/mL; Lonza, Allendale, NJ, USA) and plated on poly-L-lysine-coated 24-or 6-well plates. Retinal cultures were maintained at 378C in a humidified 5% CO 2 incubator, and used in experiments after culturing for 7 to 10 days in vitro.
Photoreceptor-Derived Cell Culture
The photoreceptor-derived cell line 661W, kindly provided by Muayyad R. Al-Ubaidi (University of Oklahoma, Oklahoma City, OK, USA), was maintained in Dulbecco's modified Eagle's medium (Invitrogen) containing 10% FBS and 1% penicillinstreptomycin. Cells were maintained at 378C in a humidified 5% CO 2 incubator and were used after reaching approximately 80% confluence.
Oxygen-Glucose Deprivation
Oxygen-glucose deprivation (OGD) conditions were generated by incubating 661W cell line with OGD solution (Earle's balanced salt solution) for 3 or 6 hours at 378C in a humidified 1% O 2 hypoxia incubator. OGD solution was generated by 116 mM NaCl, 5.4 mM KCl, 8 mM MgSO4, 10 mM NaH2PO4, 26.2 mM NaHCO3, and 10 lM glycine in distilled water. Before use, the OGD solution was bubbled (used mixed gas, composition: CO 2 5%, N 2 95%) and Dissolved Oxygen kit (CHEMets kit) was used to confirm its oxygen concentration. When the 661W cell line reached 80% confluence, the cells were then incubated in OGD solution with 5 lM zinc for 3 or 6 hours and observed under a fluorescence microscope and MMP Zymogram.
Assessment of Cell Death
Cell death caused by zinc accumulation was quantified by measuring lactate dehydrogenase (LDH) activity released into the culture medium. 19 LDH activity was estimated by measuring the rate of decrease in absorbance at 340 nm, using an automated microplate reader (UVmax; Molecular Devices, San Francisco, CA, USA). After subtracting background (sham-washed control cultures), LDH values were normalized to the mean maximal value (defined as 100%) in parallel cultures exposed to 400 lM ZnCl 2 for 24 hours, conditions that caused complete cell death.
Measurement of Cell Viability
MTT assay was used to determine the degree of apoptosis in 661W cells. Since LDH activities were not detected in 661W cells, zinc-treated cell death was confirmed by using MTT assays in 661W cells. After the experiment, medium was removed and the MTT solution was exposed to 661W cells for 1 hour at 378C. MTT assay was estimated by using an automated microplate reader (UVmax) at an absorbance of 590 nm.
Statistical Analysis
All results are presented as means 6 SEM. Student's t-tests were used to evaluate the significance of difference between two groups. When there were more than two experimental groups, we performed 1-way ANOVA with Bonferroni correction. P values < 0.05 were considered significant. All statistical analyses and graphical presentations were conducted and created with Sigma Plot version 10.0 software (Systat Software, Inc., San Jose, CA, USA).
RESULTS
Establishment of Experimental RD in Mice
A mouse model of RD was established by subretinal injection of 1:1 mixture of BSS and Healon as described in Methods. Formation of reproducible bullous RD was confirmed by fundus photographs, using the Micron III retinal imaging system. Histologic sections stained with H&E revealed separation of the retina proper from the RPE (Fig. 1, arrows) .
Photoreceptor Cell Apoptosis After RD in Mice
We observed cell death by RD over time. TUNEL staining revealed conspicuous photoreceptor cell death in the center of the detachment area beginning on day 1 post RD; no staining was seen in other retinal layers. TUNEL staining of photoreceptor cells appeared to peak on day 3 post RD, at which point these cells covered the entire extent of the detached area ( Fig.  2A) . 20 On the basis of these observations, we chose day 3 post RD as the standard time point for evaluating TUNEL-based cell death. No TUNEL-labeled cells were found in the control retinas. 
Activation of Matrix Metalloproteinase in RD Mice
We next examined MMP-2 and MMP-9 activity in retinal tissues from control and RD mice. Gel zymography showed that the gelatinolytic activities of pro and active forms of MMP-2 and MMP-9 were significantly elevated in the RD group (Fig. 2B,  Supplementary Fig. S1 ). A densitometric analysis of MMP gel zymograms revealed that MMP-9 activity was markedly increased on day 1 post RD, followed by a substantial decrease day 3 post RD. MMP-2 activity was increased at a slower rate than that of MMP-9; activities of both pro and active forms of MMP-2 remained unchanged on day 1, but the activity of the active form was substantially elevated on day 3 post RD ( Fig. 2C) . Consistent with the temporal pattern of TUNEL staining corresponding to photoreceptor cell death, MMP activity gradually declined thereafter.
Evidence for Retinal Hypoxia After RD
Diverse mechanisms have been proposed to account for photoreceptor cell death in RD, one of which is hypoxia. 21, 22 To examine this possibility, we assessed the hypoxic state of photoreceptor cells in RD by staining retinal flat mounts prepared from control and RD mice, using a pimonidazolebased Hypoxyprobe kit on days 1 and 3 post RD. Confocal microscopy showed that pimonidazole-positive hypoxic cells began to appear on day 1 post RD, scattered within the area of detachment. On day 3 post RD, the number of hypoxic cells substantially increased to cover the entire detachment area (Fig. 3A) . A series of z-stack confocal microscopy images showed that most pimonidazole-positive hypoxic cells were concentrated in the outer retinal layer, indicating that hypoxia/ hypoperfusion in RD occurs predominantly in this deep layer where photoreceptor cells reside (Fig. 3B) .
Zinc Accumulation in Degenerating Photoreceptor Cells of RD Model Mice
To evaluate changes in intracellular free zinc levels after RD, we collected eyeballs at the indicated time points (1 and 3 days post RD) and stained retinal sections with the zinc-specific fluorescent dye TFL-Zn. In control retinas, free or labile zinc appeared to be enriched in photoreceptor outer segments and in the inner nuclear and ganglion cell layers (Fig. 4A) . On day 1 post RD, overall zinc staining pattern in the retina after RD Zymograms showed that MMP-2 and MMP-9 activity were increased in retinal tissues after RD formation. MMP-9 activity was markedly increased 1 day after RD, whereas MMP-2 activity was increased 3 days after RD; activity of the active form of MMP-2 was more markedly increased. (C) Quantification of MMP zymography on gelatin gels. Bars denote densitometric measurements (means 6 SEM; n ¼ 9 each) of gelatin MMP-activated bands, normalized to the mean of the respective control (CTL), defined as 1. ##P < 0.001 compared with respective CTL values on days 1 and 3.
changed over time, indicating a decrease in free zinc levels of the retina. On the other hand, a few scattered photoreceptor cell bodies began to exhibit TFL-Zn fluorescence, especially in the photoreceptor outer segment, indicating an increase in free zinc levels. On day 3 post RD, the number of intensely TFLZn-positive dots (zinc accumulation) was significantly increased in the photoreceptor cell layer including outer segments (Fig. 4B) . The staining pattern in extraocular connective tissue remained relatively unchanged regardless of time points. Such a temporal pattern matched well with that of TUNEL staining. Upon observing this phenomenon, we speculated that zinc in retinal tissue is depleted when the retina becomes ischemic upon detachment from the RPE, and that zinc accumulates afterwards upon cellular death.
Because TFL-Zn stains only labile or free zinc, which constitutes only a fraction of total zinc, increases in zinc staining may reflect changes in the binding status of zinc in the absence of changes in total zinc levels. To address this possibility, we measured the total amount of zinc in retinal tissue with a zinc assay kit (Metallogenics). These analyses showed that the relative amount of total zinc in RD mouse eyes (37.71 6 1.98 lg/dL) was not significantly different from that in corresponding control eyes (42.37 6 1.83 lg/dL, P > 0.05) on day 1 post RD (Fig. 4C) . Although the relative amount of total zinc in the entire eyeball on day 3 trended higher in RD eyes (53.98 6 5.19 lg/dL) than in the corresponding control eyes (45.08 6 6.08 lg/dL), this difference was not statistically significant (P > 0.05), even though there was a marked accumulation of free zinc in retinal photoreceptor cells at this time. To further dissect the effect of RD on the total amount of zinc, we divided eyeballs into two parts: RD involved and RD uninvolved. The RD-involved part showed a significantly higher relative zinc concentration (40.79 6 5.09 lg/dL) than the RD-uninvolved part (23.03 6 2.40 lg/dL, P < 0.05) or the corresponding control eyes (25.08 6 4.36 lg/dL, P < 0.05) on day 3 post RD (Fig. 4D) . Hence, the accumulation of free zinc in photoreceptor cells of RD mice detected with TFL-Zn staining correlated well with the increase in total zinc levels.
Increases in Intracellular Zinc Levels Enhance Hypoxyprobe Staining and MMP Activation in Response to Oxygen-Glucose Deprivation in Cultured Retinal Cells and Photoreceptor-Derived 661W Cells
To determine the relationship between hypoxia and increases in intracellular free zinc, we exposed primary retinal cell cultures and 661W photoreceptor cell cultures to OGD conditions for 3 hours to induce ischemia. Treatment of primary retina cells with 5 lM zinc increased the activity of MMP-9 compared with that in OGD-alone or normoxia controls (Figs. 5A , 5B). Immunocytochemistry confirmed that exposure of 661W cells to OGD and zinc increased the number of Hypoxyprobe-stained hypoxic cells and intensity of staining to a greater degree than exposure to OGD alone did (Fig. 5C ). Exposure to zinc alone did not increase hypoxia, when compared with sham-washed controls, as evidenced by negative Hypoxyprobe staining. Taken together, these results suggest that zinc dyshomeostasis potentiates hypoxia-induced changes in photoreceptor cells.
Attenuation of Photoreceptor Cell Death in RD Mice by Chelation of Extracellular Zinc
To identify a possible role of zinc in MMP activation and photoreceptor cell death in RD, we experimentally reduced zinc concentrations in the subretinal space by using the extracellular zinc-chelator CaEDTA (500 lM), added to a mixture of BSS and Healon at the time of RD formation. Compared with normal-RD, CaEDTA-treated RD exhibited marked decreases in MMP activity (Figs. 6A, 6B ) and Znaccumulating TFL-Zn-positive dots in the photoreceptor cell layer (Fig. 6C ) on day 3 post RD. Upon chelation of extracellular zinc, in addition, both TUNEL-positive photoreceptor cells and hypoxyprobe-positive retinal cells were reduced (Figs. 6D, 6E ). These results suggest that release of zinc into the subretinal space is a key contributing factor to MMP activation and may potentiate hypoxia-induced photoreceptor cell death by causing subsequent zinc dyshomeostasis.
Reduced Photoreceptor Cell Death by Inhibition of MMP in RD Mice
The preceding results indicate that zinc dyshomeostasis, probably triggered by hypoxia/ischemia-induced zinc movement in the deep layer of the retina, contributes to MMP activation and photoreceptor cell death in RD. In the next set of experiments, we examined the role of MMPs in RD-induced photoreceptor cell death. To reduce MMP activation in RD, we administered GM6001 or minocycline (1 mM), mixed in 3 lL of the fluid injected into the subretinal space at the time of RD formation, followed by daily intraperitoneal injection of GM6001 (10 mg/kg) or minocycline (50 mg/kg) once a day for 3 days. Gelatin gel zymography showed that treatment with GM6001 or minocycline almost completely blocked increases in MMP-2 and MMP-9 activity in RD mice on day 3 post RD (Figs. 7A, 7B) . To assess photoreceptor cell death in these experiments, we stained retinas by using the TUNEL method. Treatment with GM6001 or minocycline significantly reduced the number of TUNEL-positive dots in the photoreceptor cell layer (Figs. 7C, 7D) .
Using primary retinal cells in culture, we tested whether the cell death induced by zinc dyshomeostasis was also mediated by MMP activation. Cell death was quantified by measuring LDH release from dead cells after 24 hours of continuous exposure to zinc. Exposure to 70 lM zinc resulted in 80% cell death, whereas addition of 0.1 or 1 lM minocycline or GM6001 markedly reduced zinc-induced cell death in these cultures, decreasing it by approximately 60% (Figs. 7E, 7F) . Also, we observed the same patterns in 661W cells. Cell viability was increased in 50 or 100 lM minocycline-or GM6001-treated 661W cells compared with 50 lM zinc-treated 661W cells (Figs. 7G, 7H) . The results demonstrated the role of MMPs in modulation of zinc-induced cell death.
DISCUSSION
To our knowledge, this is the first study to show that zinc dyshomeostasis occurs in RD and plays a critical role in associated MMP activation and photoreceptor cell death. It is well established that zinc dyshomeostasis contributes to neuronal cell death in many acute brain injury settings. Although there was a tendency toward an increase on day 3 in RD samples, the difference was not significant (P > 0.05). (D) Quantification of total zinc concentration in half retinal tissue. Bars denote concentrations of total zinc in a retina half, with and without RD, on day 1 and day 3 post RD. Zinc concentration was not different from control, non-RD, and RD retinas on day 1 post RD, but total zinc level was markedly increased on day 3 in the RD-containing region of retinal tissue compared with the non-RD region or control (n ¼ 10-16, *P < 0.05).
23-25
From a mechanistic standpoint, studies have suggested that mitochondrial and lysosomal damage, oxidative stress, poly [ADP-ribose] polymerase (PARP) activation, and energy depletion may contribute to the cytotoxicity of zinc dyshomeostasis. 26, 27 One interesting finding of the present study was that RD causes a reduction in free zinc levels in the retina, particularly in the outer segment, an event that is followed by substantial increases in free zinc levels in photoreceptor cell bodies. Two possible mechanisms can be invoked to explain this finding. In the first, which involves purely intracellular events, free zinc may be sequestered initially (bound to proteins or absorbed by organelles, and thus inaccessible to TFL-Zn staining) and then is relocated to cell bodies of photoreceptors again as free zinc. The second involves extracellular zinc release and reuptake, as well as additional zinc influx. As is the case in brain ischemia, 24 zinc accumulation in photoreceptor cells and subsequent photoreceptor cell death in RD were both attenuated by injection of the extracellular zinc-chelator CaEDTA into the subretinal space. These results support the second possibility and may mean that the increase in zinc in the extracellular space is a prerequisite for the subsequent zinc accumulation in photoreceptor cells and their death.
In terms of the mechanism of extracellular zinc release, it is possible that ischemia plays a key role, given that separation of the neural retina from the underlying choroidal vasculature has been reported to create an ischemic environment in the outer retina. [28] [29] [30] In support of this scenario, we found that the Hypoxyprobe predominantly stained photoreceptor cells in the RD area, largely sparing other retinal neurons. Neuronal depolarization following ischemia may induce zinc release into the extracellular space, often concomitantly with glutamate release. 31 In the central nervous system, including the retina, such zinc release may contribute to subsequent zinc accumulation and death of neurons. 14, 23, 24 In addition, Zn dyshomeostasis affected Hypoxyprobe staining (Fig. 5) . Although it is unknown how zinc dyshomeostasis increases Hypoxyprobe staining, it is well established that it can cause increases in reactive oxygen species (ROS) in cells. 32 Direct consumption of oxygen in making ROS or indirect effects of ROS, such as ATP depletion, 33 might contribute to compensatory mitochondrial oxygen consumption and hence lower oxygen levels. Further studies may be needed to address this issue.
Although ischemia likely plays a large role in extracellular zinc release, other mechanisms may exist to explain the early depletion of zinc in the retina following RD. For example, structural damage to the outer segment can disrupt phototransduction in photoreceptors; this process may involve dynamic changes in free zinc inside photoreceptors, as exemplified by the light-dependent movement of free zinc Cultures of primary retinal cells were exposed to combined OGD conditions for 3 hours. MMP-9 activity was increased in treatment with 5 lM zinc during OGD compared with OGD alone. MMP-2 activity was little changed. (B) Quantification of MMP zymography. Bars denote densitometric measurements (means 6 SEM, n ¼ 3) of the MMP bands shown in MMP zymography gel (normalized to the mean of the respective control, defined as 1). (C) Hypoxyprobe-stained images in 661W cells. 661W cells were exposed to OGD or OGD with 5 lM zinc, and stained by using the Hypoxyprobe method. Nuclei were stained with DAPI (blue). As expected, hypoxic cells were increased when zinc was cotreated with OGD compared with OGD alone. However, normoxia or normoxia with 5 lM zinc has no effect on hypoxic cells. Original magnification, 3200; scale bar:
between rods/cones and cell bodies in photoreceptor cells. 13, 34, 35 Hence, it is conceivable that such intracellular relocation of free zinc could at least partly underlie the initial depletion of zinc in the outer segment and late increase in cell bodies of photoreceptor cells. However, the finding that CaEDTA, an extracellular zinc chelator, prevented the late accumulation of zinc in cell bodies argues against this possibility. Moreover, the amount of total zinc was increased in RD (Fig. 4D) , further supporting the possibility that additional zinc had to have come from outside. The origin of the extra zinc that accumulates in degenerating photoreceptor cells is unknown, but blood, which contains very high levels of zinc, would seem to be a plausible source. 36 Deregulated MMP activity is a common characteristic of many diseases, including neurodegenerative disorders. 37 Moreover, MMPs in the retina have been linked to pathologic processes that involve matrix degradation, cell proliferation, neovascularization, and inflammation.
10,38,39 Our current results indicate that MMP-2 and MMP-9 were activated in experimental RD, yet with different time courses. Even on day 1 post RD, the activity of MMP-9 increased by 2.5-fold. On day 3 post RD, MMP-2 and MMP-9 activity were found to have increased. And, there was some variability in MMP-2 and MMP-9 fold increases in different experimental sets, which might depend on the baseline level of each MMP. Our data suggest that an overall increase in MMP activity, and not an increase in the activity of a specific MMP, may be responsible for the present results. In this regard it is noteworthy that substrate specificity of MMP-2 and MMP-9 overlaps substantially. To determine which MMP plays a more important role herein, further studies using selective inhibitors (not available) or antisense strategy might be necessary. Since activity-dependent release of extracellular zinc leads to MMP activation in cultured cortical neurons, 40 ischemiatriggered zinc release into the extracellular space might contribute to the activation of MMP-9 in RD. Whether late Nuclei were stained with DAPI (blue). TUNEL-positive (green) photoreceptor cells were significantly decreased with treatment of minocycline or GM6001 as compared with those of RD (n ¼ 4-5). *P < 0.05; original magnification, 3100; scale bar: 500 lm. (E) Representative photomicrographs of retinal cultures and (F) quantification of LDH release. Retinal cells were exposed to 70 lM zinc, zinc plus 0.1 or 1 lM minocycline, or zinc plus 0.1 or 1 lM GM6001 for 24 hours. Minocycline or GM6001 treatment has protective effect on zinc-treated cell death (n ¼ 4). ##P < 0.001; original magnification, 3200; scale bar: 500 lm. (G) Representative photomicrographs of 661W cells and (H) quantification of MTT assay. 661W cells were exposed to 50 lM zinc, zinc plus 50 or 100 lM minocycline, or zinc plus 50 or 100 lM GM6001 for 24 hours. Cell viability was increased in minocycline-or GM6001-treated cells compared with zinc-treated cells (n ¼ 4-5). *P < 0.05, **P < 0.01, ##P < 0.001; original magnification, 3200; scale bar: 500 lm. CTL, controls. zinc accumulation is responsible for MMP-2 activation is unknown, but consistent with this possibility, zinc dyshomeostasis combined with OGD in vitro selectively increased MMP-9 (Fig. 5) . Our demonstration that the MMP inhibitors GM6001 and minocycline attenuated zinc-induced in vivo photoreceptor cell death in RD, as well as in vitro cultured retinal cell and 661W cell death, support the hypothesis that MMP activation is a significant contributor to zinc dyshomeostasis-related photoreceptor cell death in RD. In addition, these findings are in line with the existing literature, which shows that activation of MMP-9 in RD leads to retinal cell death by interfering with integrin-mediated survival signaling. 38, 41 Müller cells in the retina have been considered the main source of MMPs, [42] [43] [44] and MMP-2 and MMP-9 are also found in microglia and degenerating retinal ganglion cells. 45 In conclusion, the present study demonstrated the novel finding that, following experimental RD in mice, free zinc accumulates in degenerating photoreceptor cell bodies, which also exhibit evidence of having received hypoxic insults. Our results provide evidence that such hypoxia-triggered zinc dyshomeostasis may underlie MMP activation in and around photoreceptor cells, and that activated MMPs play a causal role in the death of these cells. Blocking zinc dyshomeostasis with chelators or pyruvate, or inhibiting MMPs during the early stage of RD, may prove effective in reducing photoreceptor cell death and thus preserving vision after RD.
